A binary methanol vapour/hydrogen gas mixture has been used as the mobile phase in gas chromatography. Through the use of modified frontal analysis (undertaken just before measurements of the retention of the tested analytes), it has been possible to determine the adsorption isotherm of the mobile phase modifier (methanol) under typical conditions for a chromatographic process. It was found that adsorption of the mobile phase modifier on the column packing surface caused a decrease in the retention times of all the analytes tested. Furthermore, as a result of such adsorption, an increase in the degree of hydrophobization of the column packing surface also occurred, leading to a decrease of the selectivity of the packing.
INTRODUCTION
When mixed multicomponent mobile phases are considered in gas chromatography, invariability of the chemical composition of the stationary phase is assumed in considering the analyte distribution between both phases of the chromatographic system. However, such an approach is incorrect and inconsistent with thermodynamic principles since chromatographic systems where a multicomponent mobile phase flows through the chromatographic column should be considered as dynamic adsorption systems. It is known that, in such systems under static or dynamic conditions, competitive adsorption of the individual components of both phases occurs in proportions which are dependent on their affinity for the surface of the column packing. Hence, in chromatographic systems with a flowing binary mobile phase, the composition of the stationary phase undergoes continuous changes due to adsorption, such changes being a function of the component concentration in the mobile phase. These functions can be presented graphically at constant temperature in the form of adsorption isotherms (Kiselev and Pavlova 1962) , i.e. as plots of n s i versus x pi , where n s i denotes the amount of the component of the mobile phase preferentially adsorbed (expressed in mmol/m 2 ) and x pi is the pressure fraction of component 'i' in this phase. These isotherms may be determined by static methods (McBain and Bakr 1926; Cameron and Reyerson 1935a,b; Brunauer 1945; Young and Crowell 1968; de Boer 1953; Laso and Z yla 1963; Lukaszewicz 1979) or by dynamic methods (Fricke and Jokers 1951; Dawis 1952; Rubinsztein and Aphanasiev 1956) . The dynamic method of measurement is recommended for determining the mechanism of analyte distribution between both phases of chromatographic systems, because the conditions typically used for this method are similar to those employed for retention measurements. Hence, before retention † First presented at the Xth measurements are made using a mobile phase containing components with a high adsorption affinity for the stationary phase, the adsorption of the components should be determined under the same conditions as those under which chromatography is carried out (Nasuto 1998).
The main purpose of the work described in the present paper was to determine the effect of methanol adsorption on the surface of a chromatographic packing containing bonded aniline radicals at a concentration of 2.95 mmol/m 2 on the retention of a model mixture of aliphatic hydrocarbons (C 6 -C 12 ), chloroform, ethylene chloride, benzene and its derivatives in gas chromatographic systems in which a binary methanol vapour/hydrogen gas mixture of various composition was used as the mobile phase.
EXPERIMENTAL

Materials and equipment
Materials
Aliphatic hydrocarbons (C 6 -C 12 ), chloroform, ethylene chloride, benzene, toluene, chlorobenzene, p-chlorotoluene, o-dichlorobenzene (all of analytical grade purchased from POCh, Gliwice, Poland) and Si100 silica gel (grain fraction with d p = 0.12-0.2 mm) were used. The specific surface area of the silica gel was 350 m 2 /g, its total pore volume V p = 0.4-0.7 cm 3 /g and the maximum diameter of the pores as determined on the basis of the distribution curve ¶v/ ¶r versus r was equal to 109 Å. The surface of the silica gel was chlorinated before use and then modified with lithium anilide (the adsorbents thus obtained being designated as Si100 PhNH 2 ) (Buszewski et al. 1981; Suprynowicz et al. 1978; Pavlov et al. 1976; Nasuto and Dudzi ska 1985) . This led to the formation of an adsorbent containing aniline radicals at a concentration of 2.95 mmol/m 2 bound covalently to the silica gel surface. Such a procedure involving the bonding of aniline radicals to the support surface leads to the formation of adsorbents characterized by a so-called 'brush' coating.
Equipment
A Chromatron GChF 18.3 gas chromatograph (made in Germany), equipped with a thermal conductivity detector, an analog-digital interface and a saturation tube for saturation of the hydrogen gas stream with methanol vapour, was employed to measure the retention time. The reproducibility of retention time measurements by this instrument was found to be in the range 1.2-2.7%. Steel columns (150 × 0.4 cm) were used, employing hydrogen and hydrogen gas/methanol vapour mixtures as the mobile phase. In all cases, the flow rate of the mobile phase was 30 cm 3 /min. The retention time of the unretained air component was measured by computer methods.
Determination of the adsorption isotherm
After conditioning the column to yield a stable baseline for the hydrogen mobile phase, the adsorption of methanol vapour and the retention of the individual compounds was determined by frontal analysis. The amount of methanol vapour adsorbed on to the surface packing from the mobile phase flowing through the column (n s Me , mmol/m 2 ) was calculated from the equation:
where x p denotes the pressure fraction of methanol vapour in the mobile phase, m s denotes the mass of the adsorbent contained in the column and S sp is the specific surface area of the adsorbent.
The ratio x p may be calculated on the basis of the ratio of the methanol vapour pressure at a given temperature, p Me , to the total pressure of the mobile phase at the column inlet (the value of p Me being taken from tables):
The quantity v p in equation (1) corresponds to the breakthrough volume for the column as calculated from:
where t p is the time required for column breakthrough by the band of adsorbed methanol, i.e. the time to the appearance of the maximum of the methanol band at the column outlet. Even if it is possible to measure the value of t p readily and with high accuracy, the determination of the mobile phase flow rate provides some difficulties because a significant change in the pressure of the mobile phase at the column inlet can occur at the time of introducing the methanol vapour into the flowing, stabilized hydrogen gas stream. For this reason, the values of v p were measured directly at the column outlet by means of a specially constructed audiometer. Measurements of the retention of the various chemicals tested were made after determination of the breakthrough volume of the column and stabilization of the baseline for the hydrogen gas/methanol vapour mobile phase. The scheme of adsorption measurements with simultaneous measurement of retention on the packing with the chemically modified surface is shown in Figure 1 . The amount of methanol vapour adsorbed at a pressure equal to p 1 Me was determined as discussed above and then the retention for successive pressures equal to p 2 Me , p 3 Me , etc. was determined. 
RESULTS AND DISCUSSION
The measured adsorption isotherm for methanol vapour (n s Me , mmol/m 2 ) on the packing containing chemically bonded aniline radicals at a concentration of 2.95 mmol/m 2 is presented as a function of the pressure fraction of methanol x p in Figure 2 . It can be seen from the figure that the adsorption of methanol increased as its concentration in the mobile phase increased. Such adsorption may be described by a third-order polynomial curve. After methanol adsorption from the mobile phase during its flow through the column, the chemical composition of the column packing surface coating may be characterized by the following factors: 2.95 mmol.m 2 of aniline radicals + n s Me (x p ) mmol/ m 2 of methanol radicals + a OH mmol/m 2 of unreacted and unscreened surface hydroxy groups. Assuming that the surface area occupied by one aniline radical is w o = 49.5 Å 2 (McClellan and Harnsberger 1963) , it follows that 2.95 mmol screen ca. 88% (0.88 m 2 ) of the packing surface. This means that ca. 7.48 mmol/m 2 of the 8.5 mmol/m 2 of hydroxy groups present on the completely hydroxylated silica gel surface are eliminated as a result of chemical reaction and screening (Z danov and Kiselev 1957; Davydov et al. 1964 ). Hence ~1.2 mmol/m 2 of free OH groups capable of chemisorbing methanol from the mobile phase flowing through the chromatographic column remain on the surface. It follows from Figure 2 that ca. 1.3 mmol/m 2 of methanol was adsorbed at the highest pressure (when x p @ 0.464). Thus, while the concentration of aniline radicals bonded to the packing surface was constant and equal to 2.95 mmol/m 2 , the surface concentration of methanol in the stationary phase changed and was dependent on its vapour pressure in the mobile phase. The increase in methanol concentration adsorbed on the column packing surface leads to a decrease in the surface concentration of OH groups. The variable surface coverage formed during the chromatographic process determines the distribution of the tested analytes between the mobile and stationary phases of composition as determined above, which is shown in Figure 3 for aliphatic hydrocarbons and in Figure 6 for polar substances. Figure 2 . The curves depicted correspond to the following: +, C 6 ; ×, C 7 ; , C 8 ; , C 9 ; D, C 10 ; Ñ, methanol; , C 11 ; and , C 12 . Figure 3 presents the effect of the vapour pressure fraction of methanol contained in the mobile phase (x p ) on the retention of methanol (curve -Ñ) and aliphatic hydrocarbons (C 6 -C 12 ) on an Si100 PhNH 2 (2.95 mmol/m 2 ) column packing. The shape of the methanol plot may be described by a second-order polynomial equation. Thus, it can be seen that the greatest reduction in the retention times for aliphatic hydrocarbons occurred in the range x p = 0-0.09, whereas in the range x p = 0.09-0.464 the retention times for these hydrocarbons changed linearly and much more slowly than in the previous range. It should be pointed out that over the range x p = 0.09-0.464 the main factor responsible for reducing the retention was the methanol adsorbed on the column packing surface. Such behaviour may be explained in terms of the further hydrophobization of the silica gel surface due to methanol adsorption relative to that achieved by the bonding of aniline radicals. It will be seen from Figure 3 that the reduction in the retention times over the range x p = 0-0.09 observed for lower hydrocarbons was significantly greater than the analogous reduction observed for higher hydrocarbons (C 11 and C 12 ).
The dependencies of the aliphatic hydrocarbon retention times (log t¢ R ) on the amount of methanol adsorbed on the column packing surface (n s Me ) are depicted in Figure 4 . The course of the curves obtained in this case may be described by a third-order polynomial equation, in contrast to the retention curve for methanol which satisfies a second-order polynomial equation. It will be noted that the course of the dependencies presented in Figure 4 differs slightly from that of the similar dependencies presented in Figure 3 . With aliphatic hydrocarbons, the greatest reduction in the retention times was caused by the bonded aniline phase, whereas the methanol adsorbed from the mobile phase caused only a slight decrease in the retention of these compounds (x p = 0.09-0.464). The greatest differentiation of selectivity was observed for the adsorbent whose surface contained 2.95 mmol/m 2 of bonded aniline radicals and 0.29 mmol/m 2 of adsorbed methoxy radicals (the corresponding curves being designated by the + points in the figure) . The convergence of the dependencies presented in Figure 5 indicates that the selectivity of the adsorbents decreased as the concentration of organic (aniline and methoxy) radicals on the silica support surface increased. Figure 6 presents the logarithmic dependencies of retention time on the pressure fraction of methanol in the binary hydrogen gas/methanol vapour phase as measured on a column packing possessing a chemically bonded aniline phase with a surface concentration equal to 2.95 mmol/m 2 . If the dependencies presented in Figure 6 are compared with those presented in Figure 3 , it will be noted that there is some similarity except for those plots characterizing the resolution of two pairs of the compounds studied, i.e. chloroform/benzene and chlorobenzene/ethyl benzene. The resolution of these particular pairs on the packings studied was low. This conclusion may also be confirmed by the curves for the dependence of the retention time on the amount of methanol adsorbed (log t¢ R versus n s Me ) (Figure 7) . The reduction in the distance between the plots shown in Figure 3 relative to those observed in Figure 7 indicates the real effect of adsorbed methanol on the retention of these compounds. An increase in the adsorbed amount of methanol from the flowing mobile phase on the packing surface increases its retention (curve -Ñ).
Finally, Figure 8 presents the relationship between the retention of a mixture and the boiling points of the components in the mixture [plots of log(t¢ R /n s Me ) versus T b , where T b is the boiling point]. The dependencies obtained may be described by a second-order polynomial equation. It will be seen that the functions shown exhibit a similar course to those for the dependencies of the retention times of aliphatic hydrocarbons on the number of carbon atoms in their molecules (Figure 5) , despite the significant differences between the chemical properties of the compounds contained in both mixtures. 
